The cosmological scenario of the dark matter generated in the hidden gauge theory based on the grand unification is discussed. It is found that the stability of the dark matter halo of our Galaxy and the cosmic ray observation constrain, respectively, the dark matter mass and the unification scale between the standard model and the hidden gauge theory sectors. To obtain a phenomenologically consistent thermal evolution, the entropy of the standard model sector needs to be increased. We therefore propose a scenario where the mini-inflation is induced from the potential coupled to the Standard model sector, in particular the Higgs sector. This scenario makes consistent the current dark matter density as well as the baryon-to-photon ratio for the case of pion dark matter. For the glueball or heavy pion of hidden gauge theory, an additional mini-inflation in the standard model sector before the leptogenesis is required. We also propose the possibility to confirm this scenario by known prospective experimental approaches.
From recent observations, it is now known that 27% of the energy of our Universe is composed of dark matter (DM) [1] . The presence of it was also indicated by many previous observations [2] [3] [4] , and the result of the N-body simulation suggests that this medium forms nonrelativistic clusters [5] , which explains the DM halo surrounding our Galaxy. We currently believe that this halo is indispensable for the formation of stars and galaxies that we can observe today [6] , and consequently for the origin of the life and our existence. The investigation of the origin of the DM is thus one of the most essential subject.
Currently, the DM is known to be composed of weakly interacting massive particles [7] . However, it is also currently known that there are no candidates of DM particles in the standard model (SM) of particle physics. We therefore need to introduce a new extended theory beyond the SM to explain the DM [8] [9] [10] [11] [12] [13] . Here we would like to investigate a natural scenario for the inclusion of the DM by postulating the existence of new gauge forces which are unified at the fundamental scale but decoupled with the visible sector. This hidden gauge theory (HGT) presents many strong advantages in the pointof-view of the naturalness: 1) The fundamental interactions are unified at some high energy scale, like the commonly believed grand unified theory (GUT) of the SM sector [14] , and this fact allows the existence of many gauge interactions out of the SM sector. Moreover, this high energy scale guaranties the weak correlation with the SM sector.
2) The mass scales of the gauge theory are controlled by the color and flavor numbers through the running coupling, so that the theory does not involve a serious hierarchical problem.
3) The lightest particles are DM hadrons, so they can be natural candidates of DM component, although being self-interacting [15] [16] [17] [18] [19] [20] .
In this letter, we discuss the DM generated by the additional hidden SU (N c ) gauge theory which is unified with the SM sector at some GUT scale. We first examine the cosmological dynamics of the HGT and the phenomenological constraints on it. We then propose a new scenario requiring mini-inflations to consistently implement the HGT into the cosmology. The prospective approaches to confirm this scenario are finally given. In this work, we do not discuss the mechanism for generating the gauge theories at the GUT scale. We only consider SU (N c ) gauge theories with N f fermions, without any scalar bosons and supersymmetry [20] . In this work, we assume the SU (N c ) HGT with N f equal mass fermions. This nonabelian gauge theory dynamically generates a mass scale Λ DM . In the HGT, the lightest particle is a pion if there is at least one quark lighter than the scale parameter Λ DM , or a glueball if there are no quarks lighter than Λ DM [19] . From a simple dimensional analysis, the mass of the DM glueballs, m φ , and that of the DM pions, m π , in the SU (N c ) gauge theory are respectively given by
where f DM and 0|qq|0 are, respectively, the pion decay constant and the chiral condensate, which is approximated to be equal to Λ DM and Λ 3 DM . We first see the constraint on the scale of unification between the SM and the HGT. As the HGT and the SM are unified at Λ GUT , DM particles interact with SM particles through gauge bosons with mass of O(Λ GUT ). The clearest way to find the unification scale is to directly test the production of DM via the accelerator [21] or direct DM detection experiments [22] . These set a constraint of Λ GUT > O(TeV) for m DM < O(TeV). The most sensitive approach to Λ GUT is the indirect detection experiments [23] [24] [25] [26] , where the decay product of DM particles are observed as cosmic rays (CR). A typical process is given in Fig. 1 . In the HGT scenario, the indirect search is much more sensitive than the direct detection, since the SM particles are produced via decays. The detection rate (flux) of the neutral decay products can be estimated by dimensional analysis, as
where m DM is the mass of the lightest DM hadron, and R ∼ 20 kpc the radius of the halo. Here we have assumed a flat distribution of the DM halo with the density ρ 0 ∼ 0.3 GeV/cm 3 , the local DM density near the Earth. The density should be larger near the center of the galaxy [5] , so this estimation is conservative. In this work we have only considered high energy neutrinos.
For charged CR, the diffusion through galactic diffusion zone must be considered [29] [30] [31] . In this work, we only consider electron/positron pair production via 2-body decay. We have calculated the spectrum of the positron from DM decay following Ref. [30] . The result is shown in Fig. 2 . We have used the background contribution of Ref. [31] . The origin of the high energy CRs is not yet determined. In this work, we just set the constraint on the unification scale by imposing that the flux of the decay products should not exceed the observed data. From the experimental data of electron/positron detection of AMS-02 [23] and those of high energy neutrino detection of IceCube [26] , we obtain roughly the constraint
for m DM < 1 PeV. This result thus suggests that the GUT scale is located at a very high energy scale. We now constrain the DM mass from the thermal history. The HGT phase transition occurs at T c ∼ Λ DM , but it is not important in our work since there the shift of the degrees of freedom is O(1). Rather the nonrelativistic transition at T ∼ m DM has important effect on the thermal evolution of the Universe, since the relativistic degrees of freedom controls the expansion rate. We further neglect all changes of degrees of freedom due to the nonrelativistic transition.
When there is no DM baryon number asymmetry, the relic density of the DM hadrons is approximately given by
In this relation, there is no suppression from the Boltzmann factor, because the HGT is not correlated with the other sectors, and no transfer of entropy discussed in Refs. [16] occurs. At T < m DM , the energy density decreases like nonrelativistic matter even if the particles are self-interacting, as the correction of the scale factor dependence is only logarithmic [15] . If Sakharov's criteria [27] are fulfilled, the HGT baryons remain as thermal relic. In this case, interesting dark nuclear phenomena may occur [28] . However, as Sakharov's criteria are controlled by other inputs, we will not discuss the baryon relic scenario further. From the current DM energy fraction, Eq. (4) and the entropy conservation (T 3 a 3 ≈ T 3 eq a 3 eq , where a is the scale factor of the Universe, and the subscript "eq" denotes the physical quantities at the time of matter-radiation equality), we can give the DM particle mass as
where the parameter ξ is the entropy ratio between the SM sector and the DM sector. If the entropies of the SM and DM sectors are not disturbed during their evolution, ξ ∼ 1, and the DM freeze-out occurs near the temperature of recombination. This upsets the structure formation (hot DM problem) due to the erasure of fluctuations, and also the big bang nucleosynthesis, which is quite sensitive to the expansion rate near T ∼ O(MeV).
We will see next that the strongest constraint is given by the stability of the halo. The current DM particles are bound in the gravitational potential of the galactic halo with a particle density much larger than the mean density of the Universe, but the halo is stable at least at the scale of the age of the Universe. This fact provides a strong constraint on the parameter of the HGT, since the DM particles can reduce their number through the many-body annihilation, shown in Fig. 3 , and relativistic expulsion from the halo. These processes contribute to the decay of the halo, and the decay rate should not be larger than the current Hubble constant.
To estimate the halo decay rate we assume the following low energy effective lagrangian of the HGT [19, 20] 
where M the pion mass matrix in the SU (N f ) chiral effective theory. The parameter B is the linear coefficient of the current quark mass. In this work, we assume that M ab = m π δ ab . The leading processes contributing to the decay rate, the glueball 3 → 2 annihilation in the case without light fermions, and the pion 4 → 2 annihilation where m q < Λ DM , can be estimated by order analysis as
The constants C φ and C π (C f . We see that the annihilation process is attenuated when the flavor number increases. In the present case, the Sommerfeld effect [32, 33] is not important, since the interaction range and the hadron mass are close.
To obtain a stable DM halo, we must have Γ < H 0 where H 0 ∼ 70 km s −1 Mpc −1 is the current Hubble expansion rate. We then obtain The first inequality corresponds to the case where the glueball is the lightest DM, and the second one to that for the pion. Note that increasing the flavor number will sizably loosen the constraint (11) . By comparing with the thermal extrapolation result (5), we see that the entropy of the SM sector need to be enhanced at least by ξ ∼ 10 12 for DM glueball, and by ξ ∼ 10 7 for DM pion (the current fermion mass dependence is small), compared with the DM sector entropy. Eqs. (10) and (11) can also constrain N c and N f combined with the perturbative running coupling analysis (see Fig. 4 ). We see that N c = 2 hadrons as the main component of DM is excluded.
Here we point that if some flavor numbers are nonzero with vanishing total flavor number, Bose-Einstein condensation of DM pions occurs in the halo [34] . In that case, the NG modes (pions) reduce their number [35] . The decay rate of the halo may therefore be enhanced, and the phenomenological constraint on the mass scale of the HGT is strengthen. This interesting situation has chances to be realized when there are C and CP violations in the HGT.
We now discuss how to enhance the entropy of the SM sector, and to fulfill Eqs. (10) and (11) . The most ad hoc way to solve this conflict is to impose an asymmetry between the entropy of the DM and SM sectors, for instance via asymmetric decay of inflatons. This scenario however needs additional fine-tuning in the models, since the entropies of these two sectors differ by more than O(10 7 ), and is thus difficult to keep the naturalness.
The natural resolution we propose here is a scenario where some mini-inflations [37] are induced from potentials coupled to the SM sector. We note that the multi-inflationary scenario is totally natural, since we are encountering now the accelerating expansion [38] . Although the SM Higgs potential with the Higgs boson mass m H = 126 GeV [39] cannot generate inflation, the SM Higgs sector has a serious hierarchical problem and the necessity to extend it may allow a mini-inflation. If a mini-inflation occurs at the Higgs transition, the DM density will be diluted, and the entropy of the SM sector will be enhanced due to the reheating at the end of the inflation. The mini-inflation is of course not restricted to the Higgs scale, and other candidates such as the QCD phase transition with finite baryon number density [40] , or higher scale phenomena, for instance, along the leptogenesis, are possible.
The above scenario has another advantage, because it can also dilute the baryon number asymmetry. One promising mechanism of baryogenesis is the leptogenesis with Majorana neutrino [41] . There the lepton number asymmetry was created at a very high temperature, of the order of T ∼ 12 GeV, and the lepton number transferred to the baryon number asymmetry through the sphaleron process [42] , where v H is the Higgs vacuum expectation value, and m ν the physical neutrino mass. The natural order of the lepton number asymmetry should be O(1-0.01) at the moment of its generation. Currently, the observed baryon number asymmetry, the baryon-tophoton ratio, is nB nγ = 6 × 10 −10 , and a large amount of dilution is needed. The mini-inflation of the Higgs sector with the relative expansion of the order ∆a ∼ 10 2 -10 3 , which brings an enhancement of the entropy of order of ξ ∼ 10 6 -10 9 will explain the current baryon-to-photon ratio and the DM pion with m DM ∼ GeV. The miniinflation of the Higgs sector is thus a good candidate for this suppression.
To fulfill the thermal relic density of the DM glueball or DM pion with m DM > 100 GeV, a larger mini-inflation is required. But if the Higgs sector increases the entropy by ξ > 10 12 , the baryon number asymmetry will be more diluted than the observed data. An alternative resolution is therefore to generate an additional mini-inflation of the order of ∆a > 10 1 between the GUT scale and the leptogenesis from the SM sector. This does not forbid the case where the mini-inflation occurs through a process correlated with the leptogenesis. An example of the thermal history is shown in Fig. 5 .
We now list the observables sensitive to the scenario discussed and the possibility to determine it in the future. We have to pay attention on the dynamics of both the HGT and SM sectors.
The direct sensitive probes to the mini-inflation are the inflationary B-modes [43] . For the case with DM glueball or DM pion heavier than 100 GeV, the mini-inflation has occurred at very high temperature in the range of 10 12 GeV < T < 10 15 GeV. The B-modes with signals smaller than the GUT scale inflation by several orders of magnitude is therefore expected. The B-modes due to the Higgs or QCD scale mini-inflations will be difficult to observe as the energy density of the gravitational waves generated there is very small. We must also point that if there are more than two inflations in the past, the last inflation will dilute the gravitational waves of other past inflations. It will therefore be very difficult to observe the B-modes of any origin if the Higgs or QCD scale miniinflation has occurred.
The second observable to point is the stochastic gravitational wave background radiated through the first order phase transition [44] [45] [46] . During the phase transition, the bubbles collide with each other, and gravitational waves are radiated. This observable may determine the critical temperature and the first order nature of the hadron phase transition of the HGT sector. In Refs. [44] [45] [46] , the explicit analytic formulae for the gravitational wave background were given. For the pure Yang-Mills HGT, the transition is of first order, so it is possible to probe it by observation. By a dimensional analysis, the imprint frequency and energy component of the stochastic gravitational waves are given by The third is the precision test of the Higgs sector. The Higgs sector can be studied with high accuracy using linear colliders. This will allow us to examine the possibility of the mini-inflation. The confirmation of our scenario thus strongly requires the construction of the future international linear collider.
The fourth observable is the CR observation. As we have investigated, the CRs can probe the unification scale Λ GUT . The prospective subject is to measure the CR spectrum above PeV. We must also determine theoretically the source of the background for the positron excess in the GeV-TeV region.
The final observable expected is the accurate determination of the density profile of the DM halo. Recent observations suggest that the shape of the DM halo at the innermost of the DM halo has some discrepancy with the result of the simulation of the cold DM with gravitational force only [36] . The accurate determination of the halo profile may then provide informations on the self-interaction of the HGT hadrons forming the halo, and find through the hadron level interaction the HGT behind it.
We now summarize this work. We have studied the DM in the HGT, inspired on the grand unification. The HGT is natural in the point of view of the unification, but also due to the control of the massive scale by colors, flavors and fermion masses that are less sensitive to the ba ry on nu m be r hierarchy problem. As phenomenological constraints, we have pointed that the stability of the DM halo can provide a lower bound on the mass of the DM particle. The constraint on the DM mass excludes the SU (2) HGT hadrons as the main components of DM when the DM asymmetry is zero. We have also constrained the unification scale between the SM and the HGT from the CR observation, and have found that this scale is near the currently known GUT scale (> 10 16 GeV).
As a remarkable result, our study suggests the occurrence of the mini-inflation in the SM sector at a high temperature. The Higgs transition is a good candidate. This mini-inflation is possible to explain the current baryonto-photon ratio in the DM pion case. In the case of pure Yang-Mills HGT or if the HGT hadrons are heavy, an additional mini-inflation above the temperature of leptogenesis is needed.
As future prospects, the confirmation of this scenario may be tried by asking to many experiments. We are waiting for the detailed analysis of the B-modes, the stochastic gravitational wave background detections, the high precision test of the Higgs sector using colliders, improvement of the CR detection, and the accurate observation of the density profile at inner regions of the galactic DM halo.
We have thus provided a robust scenario for the thermal evolution of HGT in the point of view of the GUT, and open the way for how to confirm it.
